Reciprocal mechanical interactions between cells and the extracellular matrix (ECM) are thought to play important instructive roles in branching morphogenesis. However, most studies to date have failed to characterize these interactions on a length scale relevant to cells, especially in threedimensional (3D) matrices. Here we utilized two complementary methods, spatio-temporal image correlation spectroscopy (STICS) and laser optical tweezers-based active microrheology (AMR), to quantify endothelial cell (EC)-mediated deformations of individual ECM elements and the local ECM mechanical properties, respectively, during the process of capillary morphogenesis in a 3D cell culture model. In experiments in which the ECM density was systematically varied, STICS revealed that the rate at which ECs deformed individual ECM fibers on the microscale positively correlated with capillary sprouting on the macroscale. ECs expressing constitutively active V14-RhoA displaced individual matrix fibers at significantly faster rates and displayed enhanced capillary sprouting relative to wild-type cells, while those expressing dominant-negative N19-RhoA behaved in an opposite fashion. In parallel, AMR revealed a local stiffening of the ECM proximal to the tips of sprouting ECs. By quantifying the dynamic physical properties of the cell-ECM interface in both space and time, we identified a correlation linking ECM deformation rates and local ECM stiffening at the microscale with capillary morphogenesis at the macroscale.
Introduction
Abnormal angiogenesis is present in a variety of pathological conditions ranging from cancerous tumors, psoriasis, blindness and arthritis, to heart and brain ischemia, neurodegeneration, hypertension, osteoporosis and heart disease. 1 The ability to control angiogenic sprouting within affected tissues is important to generate therapeutic solutions to these conditions. Acquiring a fundamental understanding of the interdependence of angiogenesis, tissue structural properties, and cell-ECM interactions may significantly enhance efforts to develop new approaches that promote healthy vessel formation.
Previous studies have demonstrated that ECM compliance influences cell-generated contractile forces in two-dimensional (2D) cell cultures. 2, 3 These actin-mediated contractile forces are governed in part by the activity of the small GTPase RhoA, and appear to be a critical link between ECM mechanical properties and cell function in 2D. 4 RhoA and its signaling partners have also been implicated in capillary morphogenesis. 5, 6 Previous 2D cell culture studies have shown that ECM ligand density can control growth and morphology of capillary formation 7 and that mechanical cues affect tubulogenesis. [8] [9] [10] In 3D tissues, we have studied how matrix density affects formation of blood vessels both in vitro and in vivo, [11] [12] [13] [14] [15] [16] adapting a model first described by Nehls and Drenckhahn where ECs are grown on microcarrier beads within a fibrin matrix. 17 Fibrin is one of the major structural proteins involved in the provisional matrix during wound healing, 18 and thus provides an appropriate substrate for an angiogenesis model.
To better understand the reciprocal and dynamic nature of the cell-ECM interface and its effects on capillary morphogenesis, here we have employed two relatively sophisticated physics-based methods, STICS and AMR. STICS revealed that the rates at which nascent vessels exerted forces on the ECM at the micron and submicron length scales correlated with the phenotypic responses observed on the larger length scale. Furthermore, both sprouting and the rates of matrix deformation were maximized in gels whose concentration matched the physiologic concentration of fibrin in a provisional blood clot. AMR revealed that the ECM is locally stiffened at the tips of sprouting capillaries. Collectively, these two methods revealed a predictive new correlation spanning multiple length scales that describes the mechanochemical regulation of capillary sprouting in 3D.
Materials and methods

Quantification of capillary morphogenesis
This study exploited a fibrin-based 3D cell culture model of angiogenesis assembled as described in the electronic supplementary information ( ESI † ). The model yields robust networks of capillary-like structures with hollow, well-defined lumens, 13 and these structures are capable of forming functional anastomoses with host vessels upon implantation. 14 High-resolution images of sprouting capillary-like networks were obtained with an Olympus IX51 microscope, and quantified using Image J software (National Institutes of Health) as previously described. 15 A minimum of ten beads were randomly selected per condition, with only isolated beads quantified to avoid vessels anastomosing with neighboring networks. Total network lengths for each bead in each condition were then documented and averaged. The resulting plots of average total network length over time were generated using KaleidaGraph (Synergy Software, Reading, PA). A broad range of fibrin concentrations (1, 1.5, 2, 2.5, 5, 10 mg ml −1 ), spanning the physiologic value ( 2.5 mg ml −1 ) found in a provisional clot during wound healing, 19 was explored in this study.
Spatio-temporal image correlation spectroscopy: imaging and analysis
ECM displacements surrounding the nascent vessel-like structures were quantified using spatio-temporal image correlation spectroscopy (STICS). Fibrin-based constructs were imaged after 6 days of culture as this time point allowed for sufficient vessel development in all conditions. Brightfield phase-contrast and confocal reflectance imaging were performed using an Olympus FluoView FV1000 confocal laser scanning microscope equipped with a 60X 1.2NA water immersion objective and an Argon Ion laser at 488 nm. The constructs were scanned every 15 s in a single focal plane for a total of 250 images for each condition, and these image stacks were sequentially compiled to generate videos of each data set. † Electronic supplementary information (ESI) available: See DOI: 10.1039/c2ib00120a
STICS was then applied to obtain velocity maps for individual fibers in a given ECM region of interest, and to derive the average velocity modulus of regions of ECM surrounding the sprouting vessels. STICS analysis was executed using an automated method within SimFCS software developed by the Laboratory for Fluorescence Dynamics (www.lfd.uci.edu). Complete mathematical derivation of the STICS analysis and extraction of velocity data has been published previously, 20 but a summary of the method can be found in the Supporting Material section.
STICS data presented in this manuscript were analyzed in blocks of 32 pixels by 32 pixels that overlap by 16 pixels (unless otherwise noted). Using relatively small regions allowed high resolution to be achieved within the resulting flow maps. SimFCS software displayed vector arrows to represent the rates of ECM displacement for each block, such that one arrow was placed in the center of each block. The length of the arrow directly corresponds to the magnitude of the velocity and the direction of the arrow corresponds to the direction of flow. Numerical data of this representation could be easily extracted within the software and velocity values are reported in m h −1 within the final figures.
Quantification of ECM mechanical properties via macro-and microrheology
Macroscale mechanical characterization of the fibrin gels was accomplished in situ on an AR G2 rheometer (TA Instruments, New Castle, DE) equipped with a Peltier stage and 20 mm stainless steel parallel plate geometry. The Peltier stage was cooled to 4 °C, and 320 L of fibrinogen solution was injected into a 1050 m gap between the plate and stage. The edge of the plate was sealed with silicone oil (Arcos Organics, Morris Plains, NJ) to prevent evaporation and the top plate was lowered to 1000 mm. The temperature was increased from 4 °C to 37 °C over 5 min and then held at 37 °C for 45 min while the clotting was monitored at 1% strain and 1 rad s −1 . All gels fully clotted within 45 min as indicated by a plateau in G . The viscoelastic properties of the hydrogel were examined by a frequency sweep from 1 to 100 rad s −1 at 1% strain, and the averages over the linear region (1 to 10 rad s −1 ) of both G and G were recorded. This procedure was repeated five times at each concentration.
Mechanical properties within fibrin gels near and away from sprouting vessels were measured by AMR using a previously described system. 21 In AMR, we use a focused laser beam to optically trap a microbead that is embedded within a 3D matrix. The amplitudephase response of the bead is recorded as the trapping beam is sinusoidally oscillated. For these experiments, the trapping beam was oscillated with an amplitude of 60 nm through frequencies 5, 10, 20 50, 75, and 100 Hz. The stiffness, G , of the fibrin matrix was calculated as previously described. 21 Silica beads of 2 m diameter were mixed into fibrinogen solutions prior to polymerization and assembly of the angiogenesis model inside 35 mm diameter glass-bottom Petri dishes (No. 1.5 glass, MatTek). This resulted in a disperse distribution of silica beads within the fibrin-based angiogenesis model, where each bead could be manipulated by laser tweezers for AMR measurements. On day 6 (consistent with the STICS measurements), G was measured near to capillary tips (within 20 m) and far from capillaries (greater than 500 m away).
Modulation of EC-generated tractional forces
EC-generated tractional forces were modulated in two ways. The first involved the expression of genetic constructs expressing constitutively active (V14) or dominant negative (N19) mutants of the small GTPase RhoA. Cells expressing GFP were used as a control. HUVECs were treated with appropriate adenoviral supernatants 3 days prior to fibrin tissue assembly to yield cultures that were 70% infected as determined by GFP expression. A RhoA G-LISA assay (Cytoskeleton, Denver, CO) was performed using HUVEC lysates to confirm the expected up-or down-regulation of RhoA activity ( ESI † , Fig. S2 ). The second approach involved direct application of one of the following compounds to the tissue constructs with every media change: Y27632 (30 M; Calbiochem, La Jolla, CA), which inhibits the Rho-associated protein kinase (ROCK) and thus ROCK-mediated myosin light chain phosphorylation; 22 BDM (10 mM; Calbiochem), which inhibits the myosin ATPase downstream of myosin light chain phosphorylation; 23 ML-7 (10 M; Sigma-Aldrich, St. Louis, MO), a potent and selective inhibitor of myosin light chain kinase; 24 and blebbistatin (50 M; Calbiochem), which preferentially binds to the myosin ATPase intermediate with ADP and phosphate bound at the active site and slows down phosphate release. 25 Drug concentrations were based on previous literature, as well as dose-response studies performed in our lab.
Statistical analysis
Statistical analyses were performed using KaleidaGraph (Synergy Software). Data were represented as mean total network length ± standard deviation for angiogenesis quantification. ECM displacement data is represented as average velocity ± standard deviation. G-LISA data is shown as normalized RhoA activity levels ± standard deviation. A one-way analysis of variance (ANOVA) was performed to assess statistical significance among data sets. Statistical significance was assumed when p < 0.05.
Results
Characterizing ECM displacements via spatio-temporal image correlation spectroscopy
A major goal of this study was to determine if the effects of EC-mediated contractile forces could be quantified on a length scale relevant for individual cell-ECM interactions during capillary morphogenesis. To achieve this goal, we performed STICS analysis 26 on sets of confocal reflectance images (Fig. 1A) . Using SimFCS software (www.lfd.uci.edu), image correlation analysis was performed on each stack of images in space and time, where each image within the stack was divided into 225 analysis regions, or boxes, each 32 by 32 pixels. A velocity vector was calculated for each of the boxes, compiled and represented as a detailed velocity map ( Fig. 1B and C) . These velocity maps provided a representation of both the magnitude and rates of displacements of individual ECM fibers under the influence of cell-generated forces. In these experiments, the dynamic nature of individual filaments within the fibrin ECM was particularly striking (See ESI † , Movie S1, A-C).
To validate the method, STICS analysis was performed on acellular fibrin gels lacking ECcoated beads. Such experiments yielded extremely small velocity vectors, verifying that individual elements within the ECM move very little due to thermal fluctuations and environmental vibrations in the absence of any EC-generated tractional forces (Fig. 1D) . Similarly, in tissues with EC-coated beads, STICS measurements far away from vessel sprouts showed very little matrix displacement (Fig. 1D) . Another notable feature of the data was the observation that the direction of velocity vectors varied significantly within the 250-image stacks. This implies either that the cells both push or pull on the surrounding 3D matrix fibers within a relatively short period of time, or they do one or the other in a cyclic fashion (Fig. 1E) .
After validating the STICS method in the context of capillary morphogenesis, we examined how changes in fibrin matrix density affect the rates at which ECs displace individual ECM elements and the effects of over-expressing constitutively-active (V14) and dominantnegative (N19) forms of RhoA in the ECs. (ECs expressing GFP were used as a vector control). We focused on areas of the ECM immediately adjacent to the tips of the vessels of interest, and tabulated average velocity moduli. The rates at which the ECs displaced individual ECM fibers depended heavily on fibrin concentrations, initially increasing as matrix density was increased from 1.0 mg ml −1 to 2.5 mg ml −1 , and then decreasing as the matrix density was increased further to 5 and 10 mg ml −1 ( Fig. 2; see also Fig. 4A ). In 3D cultures containing ECs expressing V14-RhoA, ECM velocities were significantly elevated relative to wild-type controls; by contrast, those containing ECs expressing N19-RhoA showed significant reductions in ECM velocities (Fig. 2) . These effects were similar in all fibrin concentrations. Cells expressing GFP alone displaced the ECM no differently than wild-type cells. Representative videos of raster scanned image stacks for tissue constructs containing ECs infected with each of the adenoviral vectors in 2.5 mg ml −1 fibrin are shown in the Supplementary Information ( ESI † , Movie S1, A-C). Similar data were also acquired for tissue cultures treated with contractile inhibitors; constructs in which cell-generated forces were inhibited with BDM, ML-7, Y27632, or blebbistatin exhibited lower displacement rates of individual ECM elements compared to untreated controls ( ESI † , Fig.  S2 ).
Rates of ECM displacement correlate with angiogenic vessel sprouting
To better understand how ECM displacement rates might relate to the overall outcome of capillary morphogenesis, we quantified the magnitude of capillary formation in our assay as a function of fibrin concentration and with ECs expressing mutant forms of RhoA. Across all matrix conditions, the trends show that capillary morphogenesis achieved by ECs overexpressing V14-RhoA was greater than that achieved by wild-type cells, with significant increases in 2, 2.5, 5, and 10 mg ml −1 fibrin gels (Fig. 3A-F) . By contrast, morphogenesis decreased in cultures containing ECs expressing N19-RhoA, with significant reductions relative to wild-type cells in a subset of matrix compositions (Fig. 3A-F) . Cells expressing GFP alone formed capillary networks to the same extent as wild-type cells. Furthermore, consistent with our published results, 12,13 increasing fibrin concentration from 2.5 to 10 mg ml −1 caused a significant reduction in capillary sprouting ( Fig. 3D-F ; see also Fig. 4B and  D) . However, perhaps unexpectedly, fibrin concentrations lower than 2.5 mg ml −1 also caused significant reductions in capillary sprouting ( Fig. 3A-C ; see also Fig. 4B and D) .
When these macroscale metrics of morphogenesis were combined with the microscale STICs data shown in Fig. 2 and simply replotted, the data reveal that the fibrin concentration at which the rate of cell-mediated ECM deformation is maximized (Fig. 4A) is the same concentration found to be most optimal for angiogenic sprouting (Fig. 4B) . The combination of the data reveals a positive and somewhat linear correlation between the rates of matrix deformation and the extent of capillary sprouting (Fig. 4C) . Pairwise statistical comparisons for both ECM deformation rates and total network lengths as a function of ECM concentration for each EC condition (control, V14, N19, and GFP) are shown in tabular form in Fig. 4D , with significant differences (p < 0.05) highlighted in gray.
ECM Velocities are a function of vessel proximity and location
To define the limits within which the EC-generated contractile forces can propagate through the ECM, we again applied STICS to investigate the dependence of ECM velocity on vessel proximity and location relative to the vessel tip. These experiments were limited to the optimal 2.5 mg ml −1 matrices. The imaged regions spanned larger areas around the vessel tips as well as ECM lateral to the vessel stalks (Fig. S3A-B) . Each set of images was divided into four quadrants, or fragments, which were then analyzed separately to make the STICs computations more tractable (Fig. S3A-B) . In tissue constructs containing ECs expressing the mutant forms of RhoA, the results mirror those obtained only by looking proximal to the sprouting tips (Fig. 2) . Specifically, the rates of ECM deformation lateral to the vessel stalks were highest in fragment 1 (closest to the vessel tip), elevated in conditions containing ECs expressing V14-RhoA, and diminished when ECs expressed N19-RhoA. The rates of ECM deformation dropped off significantly as the distance from the vessel tip increased (Fig. S3C) . Similarly, ECM velocities decreased significantly as the distance from the vessel tip increased from fragment 4 to fragment 1 (Fig. S3D) . These data suggest that the ECgenerated contractile forces propagate into the surrounding ECM up to at least 200 m (the size of the image analyzed in this part of the study). ECM displacements were observed even in locations lateral to the vessel stalk, suggesting significant cell-ECM interactions along the entirety of the vessel.
Microrheology reveals local stiffening of the matrix near the tips of sprouting capillaries
Finally, to complement our STICS-based methodology, we also utilized laser tweezersbased active microrheology (AMR) to quantify local changes in the mechanical properties of the ECM during the process of capillary morphogenesis. We first performed macroscale shear rheology to confirm that increasing the fibrin matrix density across the range from 1 to 10 mg ml −1 increased the bulk mechanical properties of our gels. As expected, the shear elastic modulus, G , of the gels increased monotonically as the fibrin content of the gels increased (Fig. 5A) . We then performed AMR experiments only in the 2.5 mg ml −1 fibrin gels based on our data showing this concentration optimally supported capillary sprouting (Fig. 4) . The AMR methodology yielded two interesting results. First, the data showed that the presence of the cells significantly increased the baseline shear elastic modulus (G ) of the fibrin matrix (Fig. 5B) , with values in the range from 100-700 Pa. By comparison, macroscale shear rheology of acellular gels showed that 2.5 mg ml −1 acellular fibrin gels have a shear elastic modulus of about 25 Pa (Fig. 5A) . We have previously shown that the G values of acellular 2.5 mg ml −1 fibrin gels obtained from AMR are not statistically different than those obtained by macroscale shear rheology; 21 therefore, we attribute the observed differences in G to pre-stress imposed by the presence of the cells, rather than due to differences in the scale of the two different measurements. Second, we observed significant differences in the magnitudes of the local shear elastic moduli of fibrin gels depending on the proximity of the measurements to the sprouting capillaries (Fig. 5B) , with mean values of G close to the vessellike structures nearly 2x higher than those values obtained from locations more than 500 m away from a nascent sprout. This latter observation suggests a very significant pericellular stiffening of the ECM proximal to the tips of the sprouting capillaries.
Discussion
Endothelial cell-generated tractional forces, balanced by the ECM's resistance to those forces, have long been proposed to modulate angiogenesis. 7 There is now strong experimental evidence to support this hypothesis, with traction forces linked to endothelial cell branching, 27 the formation of capillary-like structures, 8, 9, 15 and the transcriptional control of soluble proangiogenic molecules. 28 In recent years, it has also been fairly well established that ECM physical property changes correlate with changes in single cell phenotype. 29, 30 However, most studies have relied on bulk mechanical property measurements to characterize the ECM, while only a few have attempted to characterize the local properties of the cell-ECM interface. In this study, we utilized a combination of methods to quantitatively investigate the local dynamics of the cell-ECM interface during angiogenic sprouting in a 3D ECM.
The first method we used, spatio-temporal image correlation spectroscopy, enabled the locations of individual matrix elements to be tracked as a function of time. This time-and position-dependent information provided quantification of the rates at which individual matrix fibers were displaced due to traction forces generated by sprouting ECs. We chose day 6 for our STICS analysis because there was sufficient vessel development in all conditions by this time point. The sprouting vessel tips were adequately separated from the microcarrier beads and could therefore be imaged and analyzed without the actual beads disrupting the measurements. Furthermore, ECs in this assay are actively forming capillaries at this time point, as we have shown previously. 12, 13, 15 This is reinforced by the data in Fig.  3 , which show that the total vessel network lengths across all matrix conditions more than double from day 6 to day 9. Combining STICS with our total network length metric of capillary morphogenesis revealed a surprising, and previously unobserved, correlation: that maximal capillary sprouting occurs in matrices that can be most rapidly displaced by cells. Particularly notable was the fact that maximal capillary sprouting (quantified on a millimeter length scale) and maximal matrix deformation rates (quantified on a micron length scale) occurred in fibrin gels whose concentration closely matched the physiological conditions found in native fibrin clots. 19 This positive correlation between maximal sprouting and matrix deformation rates was identified by performing complementary experiments in which either cell generated tractional forces or the ECM's resistance to those forces was modulated. Tractional force generation was manipulated either genetically by expressing mutant forms of RhoA or pharmacologically through the use of several small molecule inhibitors of contractility. ECs expressing constitutively active RhoA reproducibly displayed increased capillary formation across a range of ECM conditions (as measured by total network length) when compared to wild-type controls (Fig. 3) . By contrast, ECs expressing dominant negative RhoA showed reduced capillary morphogenesis. We have previously shown that inhibiting contractile force generation pharmacologically disrupts capillary growth and stability. 15 The data here show that ECs expressing V14-RhoA displace the ECM at significantly faster rates than do wild-type or GFP-sham controls (Fig. 2) . Cells expressing N19-RhoA (Fig. 2 ) and those treated with contractile inhibitors (Fig. S2, ESI † ) showed reduced matrix displacement rates across all ECM conditions, with significant differences relative to control cells in a subset of conditions. The ECM's mechanical resistance to cell generated tractional forces was modulated by varying the density of the fibrin gels (Fig. 5A) . Optimal angiogenic sprouting and maximal rates of ECM displacement occurred in 2.5 mg ml −1 fibrin gel constructs. In lower density gels, angiogenic sprouting and the rates of ECM displacement were reduced; similar reductions were observed in gel concentrations above this 2.5 mg ml −1 threshold (Fig. 4) . This same type of biphasic dependency was previously reported in 2D cell migration studies. 31 Two possible explanations may account for the results in lower density gels. Either these mechanically weaker gels do not provide sufficient mechanical resistance to the cell-generated forces, or they lack sufficient cell binding sites to promote the formation and maintenance of the capillary networks. In the higher density gels, which are both mechanically stronger and theoretically provide an increased number of adhesive binding sites, diffusion limits imposed by the increased numbers of fibrin fibers may also play a significant role in decreased vessel formation. 12 Our current study cannot discern between these different possibilities, but did not aim to do so, in part because these parameters are also lumped together in native clots in vivo. Instead, the positive correlation identified here between local matrix deformation rates on the microscale and morphogenesis on the macroscale suggests that both softer and stiffer matrices may be incapable of supporting maximal capillary sprouting in part because the rates at which cells displace them are suboptimal.
We also used the STICS methodology to characterize the distance over which EC-generated tractional forces can propagate within the surrounding ECM. Our data clearly indicate that as the distance from the side of the vessel and in front of the vessel tip is increased, the matrix displacement rates fall off significantly within the first 200 mm (Fig. S3) . A recent study by Winer et al. demonstrated that tractional stress exerted on the ECM by a single cell can create a local ECM stiffness gradient and provide a means for mechanical interaction with other cells up to 5 cell lengths from their periphery. 32 The distances over which ECgenerated tractional forces propagate are of a similar magnitude. However, our current experimental set-up limits the amount of area surrounding the vessel that can be imaged and subjected to STICS. Analyzing greater areas might allow the actual propagation limit to be better pinpointed.
The STICS analysis utilized here was also limited to images generated from a single plane. Using 2D fibronectin-modified polyacrylamide gels substrates, Maskarinec et al. showed that cell-induced displacements in the z direction can be comparable to, or greater than, those in the xy plane. 33 Thus, characterizing the movement of the matrix surrounding the entirety of the vessel in x, y, and z planes could conceivably provide even more insights regarding the role of cell-ECM mechanics, but implementing STICS in 3D is computationally challenging.
Complementing STICS, our experiments using AMR revealed a significant pericellular stiffening of the ECM proximal to the sprouting capillary-like structures (Fig. 5B ). Gjorevski and Nelson reported something similar in the context of mammary epithelial morphogenesis, showing that branching initiates from sites of high mechanical strain. 34 However, translating metrics of strain into measures of stress requires some simplifying assumptions about the mechanical properties of the matrix, many of which may be incorrect for fibrillar matrices derived from naturally-occurring biopolymers (e.g., Matrigel, collagen, fibrin). The most common assumption is that the ECM behaves largely in a homogeneous fashion. However, our AMR data here, sampling multiple different beads within a given gel, reveal that the local viscoelastic properties are highly heterogeneous (as demonstrated by the range of values in Fig. 5B ). One approach to overcoming this issue is to use an amorphous synthetic gel whose properties are much more homogeneous. A recent study by Legant, et al. did just that, translating bead displacements in a 3D hydrogel with well-defined elastic properties into tractional forces and essentially achieving 3D traction force microscopy. 35 However, our approach using AMR enables the local mechanical properties of individual filaments within a 3D ECM to be directly measured, an essential step towards achieving 3D traction force microscopy in fibrillar ECMs. In the future, we envision combining STICS (to quantify strain imposed by cells on the ECM) with AMR (to quantify local G ) to quantitatively assess the distribution of cell-generated stresses during capillary morphogenesis, without the need for any simplifying assumptions.
Finally, it is important to acknowledge that we have simplified this study by ignoring the impact of cell-mediated ECM remodeling on matrix deformation rates and local mechanical properties. We have previously examined the role of matrix remodeling in more detail in previous studies. 13, 15, 36, 37 Here, we chose to focus on a single time point, rather than assessing how these local matrix properties evolve as a function of culture time. Importantly, combining STICS and AMR in a future longitudinal study will enable us to better understand how local ECM remodeling alters the mechanical microenvironment in which a cell resides, something that existing macroscale methods cannot provide.
Conclusions
In conclusion, this study used a sensitive image correlation method and micro-scale rheology to quantitatively monitor ECM displacements and local mechanical properties within a 3D tissue during the complex multicellular process of capillary morphogenesis. The first of these methods uncovered a multiscale correlation linking fibrin concentration, cellgenerated matrix displacement rates, and capillary sprouting, while the second revealed significant local stiffening of the ECM near the tips of the nascent capillaries. Quantifying the local mechanical information content of the cell-ECM interface in both space and time using the approaches developed here may enable the mechanochemical regulation of other complex morphogenetic processes in 3D to be carefully and systematically characterized.
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Insight, innovation, integration
The ECM's mechanical resistance to cell-generated forces is important for morphogenesis, but characterizing the mechanical interactions between cells and their environment in three-dimensional (3D) tissue models on a length scale relevant for cells has been technologically challenging. Here, we integrate a 3D in vitro model of angiogenesis with two innovative optical imaging methodologies. With the first, we discovered that when ECs displaced individual elements of the ECM via tractional forces at maximal rates, the overall lengths of capillary sprouts were also maximized. The second showed that ECs locally stiffen their surroundings during capillary morphogenesis. These insights underscore the importance of quantifying the mechanical dynamics of the cell-ECM interface, rather than focusing solely on the ECM's static mechanical properties. STICS analysis of average matrix displacement velocity surrounding vessel tips in (A) 1.0 mg ml −1 ; (B) 1.5 mg ml −1 ;(C) 2.0 mg ml −1 ; (D) 2.5 mg ml −1 ; (E) 5 mg ml −1 ; (F) 10 mg ml −1 3D fibrin tissues and analyzed at day 6. The x-axis labels indicate the type of HUVECs used in the assay, with "C" = wild type controls, "V14" = cells expressing constitutively active V14-RhoA, "N19" = cells expressing dominant negative N19-RhoA, and "GFP" = cells expressing GFP (as a sham control). For each graph, N = 3. The error bars represent standard deviation, with the asterisks indicating statistical significance (p < 0.05) between the marked test sample and the wild type control. Quantification of total capillary network lengths by wild-type ECs (control) and ECs expressing V14-RhoA, N19-RhoA and empty vector GFP in (A) 1.0 mg ml −1 ; (B) 1.5 mg ml −1 ; (C) 2.0 mg ml −1 ; (D) 2.5 mg ml −1 ; (E) 5.0 mg ml −1 ; (F) 10 mg ml −1 3D fibrin tissues; N = 10 for each data point, error is represented as standard deviation, asterisk indicates statistical significance between associated control and test sample, such that p < 0.05. (A) Characterization of the macroscopic rheological properties of fibrin gels as a function of their concentration. The shear elastic (G ) and viscous (G ) moduli both increase with increasing fibrin concentration. N = 5 samples for each concentration; error is represented as standard deviation. All data points within a given data set (i.e., all G values) are significantly different from each other (p 0.01). (B) Active microrheology (AMR) in 2.5 mg ml −1 fibrin gel capillary morphogenesis model used to report local stiffness, G , near to (<20 m) and far from (> 500 m) capillary tips. Each point is the averaged G value of one bead oscillated through a range of frequencies (5, 10, 20, 50, 75 , and 100 Hz). G is calculated by tracking the bead's movement when a focused laser trap oscillates the bead at
